Objectives: The goal of our study was to assess diffusion-weighted (DW) imaging and proton magnetic resonance (MR) spectroscopy findings in osteosarcoma versus normal muscle at 3 Tesla (3 T) MR system.
cant restriction of this tumor against the dark background of normal muscle in high b-value images. Fourteen (82%) of the available 17 patients had ADC values ≤ 1 × 10 -3 mm 2 /s. The maximum choline/creatine (Cho/Cr) ratio of osteosarcoma (1.94 ± 1.12) was statistically higher than the normal muscle (1.34 ± 0.11). Receiver operating curve (ROC) analysis (the area under the curve = 0.7) indicated a maximum Cho/Cr ratio of 1.37 as the cut point between the normal muscle and osteosarcoma, with a sensitivity, specificity and accuracy of 58.8%, 83.3%, and 69%, respectively. All patients with Cho/Cr ratios more than the cut point had ADC values ≤ 1 × 10 -3 mm 2 /s and all patients with ADC values higher than 1 × 10 -3 mm 2 /s had Cho/Cr ratios ≤ 1.37.
Conclusion:
It was concluded that DW imaging and proton MR spectroscopy are two effective noninvasive techniques in the evaluation of osteosarcoma.
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Background
Osteosarcoma is among the most common primary bone tumors that occur predominantly in children and young adults (1) . The tumor is classified into a variety of histological subtypes and mostly involves metaphyseal regions of the distal femur, proximal tibia and proximal humerus (2) .
A variety of imaging techniques have been recommended for evaluation of osteosarcoma including computed tomography, radionuclide bone scanning, plainfilm radiography, and magnetic resonance imaging (MRI) (3) . MRI is widely used in the assessment of musculoskeletal lesions, though it has limitations in distinguishing involved from non-involved areas (4, 5) .
Novel and advanced imaging modalities such as proton magnetic resonance (MR) spectroscopy and diffusionweighted imaging (DWI) have emerged as important tools for improving diagnostic accuracy and specificity (6) .
Proton MR spectroscopy is a novel diagnostic approach that can characterize the tissue metabolites and malignant activity in a noninvasive manner (7, 8) . Proton MR spectroscopy has been used in a wide variety of cancer types, including bone and soft tissue tumors, breast and prostate cancers (9) . Its effectiveness to distinguish musculoskeletal malignant and benign lesions by measuring choline-containing compounds has been the focus of the recent investigations (5, 7). Indeed, in a variety of malignant tumors, elevated levels of choline/creatine (Cho/Cr) ratios have been identified as indicators of accelerated cell-membrane turnover (10) . So that abundant levels of choline metabolites as an indirect marker of malignancy are present in malignant musculoskeletal lesions (11) . Recent studies have demonstrated that MR spectroscopy with metabolite quantification is helpful for characterizing musculoskeletal lesions (5, 12) . dition to the musculoskeletal MR sequences is DWI. DWI is a functional imaging method that measures the brownian motion of water molecules within a voxel of tissue (13, 14) . Extracellular water molecules have relatively unimpeded motion compared to intracellular water molecules (15) . Restriction of water molecules mobility is greater in highly cellular tissues (tumors). Therefore, DWI can aid in differentiating normal from pathological situations (13) . Current literature has suggested that DW imaging can provide valuable information to assess osteosarcoma (16) . DWI provides a quantitative analysis via the apparent diffusion coefficient (ADC): low ADC value in highly cellular sites and high ADC value in low cell density sites.
Indeed, there is little information on the role of DW imaging in characterizing primary bone tumors. In light of this consideration, more studies are required to clarify the potential utility, accuracy and role of DWI and proton MR spectroscopy over conventional sequences in characterizing musculoskeletal tumors.
Objectives
The purpose of this study was to measure and compare Cho/Cr ratios and ADC values in osteosarcoma versus normal group in order to be used in osteosarcoma evaluation and as a preliminary report to reach the final goal of demarcating normal from tumoral tissues in patients with osteosarcoma.
Patients and Methods

Ethics Statement
The study protocol was approved by the ethics committee of Tehran University of Medical Sciences and institutional review board of the Imam Khomeini university hospital. Written informed consent was obtained from all participants prior to examination.
Participants
Between August 2013 and November 2014, 19 patients highly suspicious of osteosarcoma, according to their plain films, and 12 normal young healthy adults were enrolled in this study. Before imaging, none of the patients received treatment and no interventional procedures such as aspiration or biopsy were performed on the tumors. Surgical biopsy and histopathological examination were done for every patient after imaging. Two patients with histopathologic diagnosis other than osteosarcoma were excluded from the study. The mean age of the remaining 17 patients (10 males, 7 females) was 25.3 years with age ranges of 15 to 30 with the exception of a 59-year-old woman. Normal healthy adults (six males, six females) were in the age range of 22 to 29 years (mean age, 25.9 years).
Radiological Assessment
Proton Magnetic Resonance (MR) Spectroscopy
Patients and normal groups were examined with the similar protocol and same 3-T MR system. Since thigh and arm are common sites of osteosarcoma, these sites of the normal group were examined as well. No abnormal signal was observed in conventional images of this group.
All examinations were performed at a 3 T superconducting MR imaging unit (Magnetom Tim Trio; Siemens, Erlangen, Germany) using high performance gradients and phased-array surface coils. The conventional MR imaging, as anatomical imaging, was consisted of axial, coronal, and sagittal proton density (PD)-weighted spinecho sequence (repetition time (TR) ms/echo time (TE) ms, 3100/32; slice thickness, 6mm; flip angle, 90º; number of excitation, 1; scan time, 200s). Spectra of two-dimensional (2D) multivoxel proton MR spectroscopy were obtained by employing the point-resolved spectroscopic sequence (PRESS) (TR/TE, 2500 ms/135 ms; band width, 1200; average, 16; number of data points, 1024). We used phased-array surface coils to reach higher signal to noise ratios.
In patients, the volume of interest (VOI) was placed within the tumoral tissue, and detected on PD images. Based on acquiring an appropriate coverage of the mass and each voxel size reaching 15 × 15 × 15 mm 3 , the field of view (FOV) and number of voxels in each direction were selected. In the normal group, the VOI was inserted in the normal muscle anatomy in the thigh or arm, and each voxel size was the same as the patients group. We did not need to suppress lipid because of enough suppression in TE of 135, but water suppression was applied (8) . Choline, creatine, water, lipid and N acetyl aspartate (NAA) peaks were defined. Automatic and manual shimming was carried out to optimize the field homogeneity. Frequency, transmitter, shim and water suppression adjustment were performed before data collection. The voxel with maximum Cho/Cr ratio was selected. In patients, this voxel had to be entirely within obvious tumoral tissue and in the normal group, it had to be completely within the normal muscle. Any contamination with adjacent tissue, artifact and significant noisy spectra were not accepted. Discrete choline and creatine peaks had to be present. The Cho/Cr ratio of this voxel was registered for each subject.
Diffusion-Weighted Imaging
DW imaging was performed in coronal or axial orientation by employing a spin echo echoplanar imaging (17) . This resulted in significant signal attenuation of vessels, which is called black-blood image (18) . The operating console automatically created ADC maps by using the images with b values of 50 and 1000 s/mm 2 . Minimum ADC values were achieved in a point or region of interest (ROI) by measuring the map intensity. In the patients group, the regions with abnormal signal on conventional images were evaluated section by section on high b-value DW images of the same areas. Each region with high signal on the b-1000 image was scrutinized on ADC map to avoid artifacts like T2 shine-through, vessels, non-suppressed fat and other nonpathologic tissues. After evaluating the whole tumoral tissue, we found the minimum ADC value inside the tumor of each patient. In b-1000 images, in normal muscle of the control group, no high signal and no suspicious restricted area was detected. Therefore, no ADC measurement was needed. It is important to note that all images were evaluated by two expert radiologists.
Histopathological Evaluation
The patients' biopsy materials were investigated by a member of reference pathologists. Osteosarcoma was confirmed after reviewing the slides and histopathological subtype was recorded as well.
Statistical Analysis
SPSS 20 (IBM Corp. Released 2011, IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp) was used for statistical analysis. Student t test (unpaired) was performed to compare mean of maximum Cho/Cr ratios in case and control groups. P values less than 0.05 were considered statistically significant. We performed receiver operating curve (ROC) analysis to find the best cut point for maximum Cho/Cr ratio. The area under a curve (AUC) is a measure of predictive power index called concordance, which generated to evaluate the predictive accuracy of Cho/Cr ratio on the probability of having tumoral tissue. A value 0.5 means predictions were no better than random guessing and 1.0 indicating a (theoretically) perfect test (i.e. 100% sensitive and 100% specific). Pearson's correlation analysis and curve fitting were used to evaluate maximum Cho/Cr ratio and minimum ADC value relationship in each patient.
Results
DWI with Measurement of ADC Values
In DW imaging obtained at a b-value 1000 mm 2 /s of the normal muscle of control group no high signal area suspicious of restriction was visualized. Therefore, no ADC value measurement was needed. We had a reliable dark background of normal muscle in b-1000 images. In this study, the minimum ADC value of patients with osteosarcoma was 0.88 ± 0.28 × 10 
MRS Finding
In multivoxel proton MR spectroscopy findings of the normal group, there were no statistically significant differences in the maximum Cho/Cr ratios between males (1.37 ± 0.14) and females (1.31 ± 0.44), and between the thigh (1.34 ± 0.07) and the arm (1.33 ± 0.13) (P = 0.361 and P = 0.932).
The maximum Cho/Cr ratio and the location of the examination of each normal participant are presented in Table  1 . The maximum Cho/Cr ratio in the tumoral tissue of patients with osteosarcoma was 1.94 ± 1.12 ( Figure 2 ). This ratio in the normal muscle of the normal group reached 1.34
± 0.11 ( Figure 3) .
So, the Cho/Cr ratio was significantly higher in osteosarcoma than the normal muscle (P = 0.043) (Figure 4) . In spite of significant statistical differences, many of the Iran J Radiol. 2017; 14(4):e13937. patients had a ratio nearly equal to the ratios of the normal muscle in the normal group. So, we used ROC analysis to assess whether the maximum Cho/Cr ratio could be used in the evaluation of patients with osteosarcoma. The area under the curve (AUC) was 0.7. A maximum Cho/Cr ratio of 1.37 was found to be the cut point with the sensitivity, specificity, and accuracy of 58.8%, 83.3% and 69%, respectively. The maximum Cho/Cr ratio and minimum ADC value for each patient are summarized in Table 2 .
After analyzing all patients' data, a significant negative linear correlation was observed between the maximum Cho/Cr ratios and the minimum ADC values of each patient with a correlation coefficient of -0.544 (P = 0.024) ( Figure  5 ).
Histopathological Findings
The various histological subtypes of patients with osteosarcoma are summarized in Table 2 . It should be noted that although small cell osteosarcoma is a rare subtype of osteosarcoma, we had two cases of this pathology in this 
Discussion
Early diagnosis and determining the tumor boundary provide important insights to prognosis, tumor response to treatment, and quality of life (19) .
Proton MR spectroscopy (a metabolic technique) and diffusion weighted imaging (a functional technique) are Iran J Radiol. 2017; 14(4):e13937. The ADC values are comparable with earlier studies on musculoskeletal DW imaging performed at 1.5T. Proton MR spectroscopy has been broadly used for detection of malignant lesions in other organs, but there are limited published studies for characterizing musculoskeletal lesions (8, 22, 23) all performed at 1.5 T. We performed 2D proton MR spectroscopy by employing multivoxel technique at 3T during which information is simultaneously obtained over a larger field of view (7). At present, there is only one study in which musculoskeletal investigation was performed on three cases using multivoxel proton MR spectroscopy (24) .
In single voxel MR spectroscopic studies, peak of enhancement or solid tissue has been used for voxel placement. Many other tissues like granulation, neovascularized necrosis and inflammatory muscles can show enhancement (25) . So, we covered the whole suspicious areas and had to utilize multivoxel technique.
The relationship between the levels of metabolites and the degree of malignancies has been investigated in several studies (23, 24) . Metabolite quantification needs an external or internal standard reference, which is usually water. Water content has been affected in different musculoskeletal tissues, several pathological conditions and during treatment that influence the final results of the internal reference methods (7, 26) . We employed Cho/Cr ratio to have more reliable numerical results as well as cut point, practically. It has been proved that longer echo times (TEs) increase the Cho/Cr ratio differences between normal and tumoral tissues (8) . We used TE of 135 in this study. Herein, maximum Cho/Cr ratio of osteosarcoma (1.94 ± 1.12) was significantly higher than the normal muscle (1.34 ± 0.11).
Because of data overlap, we performed ROC curve analysis and acquired 1.37 as the cut point between the normal muscle and osteosarcoma tumoral tissue, with sensitivity, specificity and accuracy of 58.8%, 83.3%, and 69%, respectively. Doganay et al. (19) reported a sensitivity of 72% and specificity of 83.3% for MR spectroscopy in detecting malignant soft tissue and bone tumors. Lee et al. (12) noted a sensitivity of 68.4% and specificity of 87.5% for proton MR spectroscopy in detecting choline compounds. This sensitivity was lower in primary malignant tumors (53.8%). They had one case of grade 3 osteosarcoma, which did not show any choline compounds due to a relatively large amount of ossification. Although Wang et al. (8) showed high sensitivity and specificity of proton MR spectroscopy in detecting malignant bone and soft tissue tumors in an initial study, in a parosteal osteosarcoma, no choline peak was detected. In a study performed by Qi et al. (27) , one patient with osteoblastic osteosarcoma did not show any choline peak either. Low choline concentration (false negative choline uptake) in some subtype of osteosarcoma can be attributed 6 Iran J Radiol. 2017; 14(4):e13937.
to lower proton amounts and susceptibility effects due to mineralization (8 (28) also showed significant choline concentration in the normal muscle. In a study carried out by Maheshwari et al. (10) , the average of Cho/Cr ratio in normal muscle at TEs of 136 and 272 were 1.16 and 1.31, respectively. This emphasizes the maximum Cho/Cr ratio of normal muscle in our study, which is expected to be higher than this average.
Our results appear to be in keeping with previous studies. Utilizing proton MR spectroscopy to evaluate osteosarcoma seems to be potentially successful in about 58.8% of patients.
We had two cases of small cell osteosarcoma, a rare subtype, which is composed of small blue cells, similar to round cell neoplasm as Ewing sarcoma. Both of them showed low ADC values and high Cho/Cr ratios. So, we expect Ewing sarcoma to have the same characteristics, which must be examined in future studies.
Performing DW imaging is technically easier and less time consuming than proton MR spectroscopy. DW imaging was helpful in at least 82% of the patients at a glance, but proton MR spectroscopy was helpful in about 58.8% of the patients. In our study, all patients with Cho/Cr ratios higher than the cut point had ADC values lower than or equal to 1 × 10 -3 mm 2 /s and all patients with the minimum ADC values higher than 1 × 10 -3 mm 2 /s had Cho/Cr ratios lower or nearly in the limit of the cut point. In contrast, some patients with ADC values lower than 1 × 10 -3 mm 2 /s did not show Cho/Cr ratios higher than the cut point. These points reveal that DW imaging is much more effective and proton MR spectroscopy cannot be more helpful than DW imaging in any of the patients with osteosarcoma. However, these results needs to be more investigated. The goal of this study was to search about differences of MR spectroscopy and DWI findingsbetween osteosarcoma and normal muscle. It is clear that in future studies, pathologic correlation of other tissues including necrotic tissues is necessary.
Although osteosarcoma is one of the most frequent primary bone tumors, the number of cases is limited due to its relatively low incidence rate (4 -5 per year per million persons) (29) . So, more and if possible multicenter studies for better evaluation of this aggressive bone tumor should be conducted.
In conclusion, this study reports that performing MR spectroscopy and DW imaging at 3T is helpful in characterizing musculoskeletal lesions. Further evaluation should be performed for pre and post treatment patients. This information could be helpful in increasing diagnostic specificity of malignancy, definition of the neoadjuvant treatment response, and a preliminary study for determining lesion boundaries.
